Novel nanocrystalline BiFeO 3 ultrafine fibers have been synthesized by sol-gel based electrospinning, with fiber diameter in the range of 100-300 nm and grain size of around 20 nm. Phase pure perovskite BiFeO 3 can be obtained if the fibers are fired in Ar atmosphere, eliminating impurity phases often observed when fired in air or N 2 atmosphere. Excellent piezoelectricity and clear ferroelectric domain structure of the ultrafine fibers are characterized by high voltage piezoresponse force microscopy. Enhanced weak ferromagnetism arising from the nanocrystalline structure of ultrafine fibers is also observed. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3040010͔
Perovskite BiFeO 3 has stimulated a great deal of interest and excitement in recent years for its rare room temperature multiferrocity, 1-4 with ferroelectric Curie temperature around 1100 K and antiferromagnetic Néel temperature around 640 K. [3] [4] [5] [6] Recently it has also been demonstrated that electric control of antiferromagnetic domains of BiFeO 3 is possible at room temperature, 2, 4 and electric switching of ferromagnetic domains through exchange bias of BiFeO 3 has also been accomplished, 3 opening doors for its practical applications in spintronics devices, data storage, and magnetic sensors. Bulk BiFeO 3 is believed to be antiferromagnetic with G-type ordering [3] [4] [5] 7 and thus is difficult to manipulate magnetically. On the other hand, both theoretical calculations and experimental investigations indicate that BiFeO 3 in lowdimensional forms exhibit weak ferromagnetism, 5, [8] [9] [10] [11] [12] and it has been reported that the ferromagnetism of BiFeO 3 nanoparticles can be substantially enhanced by reducing the particle size to below 100 nm. 10, 13 These observations make it important to study the nanocrystalline BiFeO 3 for enhanced ferromagnetism and potentially enhanced magnetoelectric coupling, and in this letter, we report our sol-gel based electrospinning of nanocrystalline BiFeO 3 ultrafine fibers.
While most of the investigations on low-dimensional BiFeO 3 focus on thin films, there are some reports on BiFeO 3 nanoparticles produced by hydrothermal synthesis, sol-gel process, or microwave synthesis, 10, [14] [15] [16] [17] and BiFeO 3 nanowires synthesized using alumina templates. 9, [18] [19] [20] These studies mainly concern photocatalytic properties of BiFeO 3 because of its small band gap, and the multiferroic properties of nanoparticles and nanowires have not been reported. Solgel based electrospinning [21] [22] [23] offers an attractive alternative to synthesize long BiFeO 3 ultrafine fibers in large quantities that are easier to collect and characterize. Our earlier studies on multiferroic composite fibers also suggest that such electrospun ultrafine fibers are nanocrystalline with grain size of as small as 20 nm, 24, 25 making it possible to enhance their weak ferromagnetism. Such nanocrystalline BiFeO 3 ultrafine fibers remain unexplored in literature.
BiFeO 3 ultrafine fibers were synthesized by sol-gel based electrospinning as follows. Bismuth nitrate ͑Bi͑NO 3 ͒ 3 ·5H 2 O͒ and iron nitrate ͑Fe͑NO 3 ͒ 3 ·9H 2 O͒ in stoichiometric proportions were dissolved in 2-methoxyethanol ͑C 3 H 8 O 2 ͒. The molar ratio of Bi:Fe was kept to be 1.05:1. Ethanolamine was added to control the pH value of the solution to be around 3.0-4.0. Ethanol, glacial acetic acid, and polymer poly͑vinyl pyrrolidone͒ ͑PVP͒ with molecular weight of 1 300 000 were then added to the solutions directly and stirred continuously to form a homogeneous 0.2M BiFeO 3 precusor solution, with the concentration of PVP controlled around 0.04 g/ml. The solution was then loaded into a plastic syringe equipped with a stainless steel needle. The needle was connected to a high voltage supply ͑Spell-man SL40P300͒, which is capable of generating dc voltage up to 40 kV. The solution was electrospun and the ultrafine fibers spun were collected in glass flake or Pt/ Ti/ SiO 2 / Si substrate, with feeding rate of the solution controlled at 0.015 ml/min and the electric field for electrospinning set around 1.4 kV/cm. The as-spun ultrafine fibers were then dried at 120°C for 4 h, followed by heating at 350°C and a͒ Authors to whom correspondence should be addressed. Electronic addresses: shxie@xtu.edu.cn and jjli@u.washington.edu. then thermal annealing at 550°C for 2 h in air, nitrogen, or argon atmosphere, respectively.
The scanning electron microscopy ͑SEM͒ images of our as-spun and fired BiFeO 3 ultrafine fibers are shown in Fig. 1 , where it is observed that the fibers are round in shape and straight over a length of a few micrometers. The as-spun fibers have a rather uniform diameter around 200-400 nm over its length, while the fired fibers have a reduced diameter ranging from 100 to 300 nm, with diameter remaining uniform across the fiber length. Although the fiber size is reduced after firing, the fired BiFeO 3 fibers remain to be dense and robust. To examine the crystalline structure of BiFeO 3 ultrafine fibers, x-ray diffraction ͑XRD͒ has been carried out, as shown in Fig. 2 , and excellent crystallinity is observed for all these fibers. It is well known that phase pure BiFeO 3 is difficult to synthesize and impurity phases are often present, which can be reduced when BiFeO 3 is fired in a protective atmosphere. 26, 27 In our study, while majority of the diffraction peaks come from the rhombohedral perovskite structure of BiFeO 3 , there are small peaks indicating the existence of small amount of Bi 36 Fe 2 O 57 and Bi 2 Fe 4 O 9 phases when the fibers are fired in air atmosphere. Impurity phase ␥-Fe 2 O 3 , which is ferromagnetic, is not detected in the XRD spectra. When N 2 atmosphere is used during firing, the amount of impurity is substantially reduced, and if Ar is used as protective atmosphere instead, all the impurity phases disappear and phase pure perovskite BiFeO 3 is obtained.
The crystalline structure of BiFeO 3 ultrafine fibers is further examined by transmission electron microscopy ͑TEM͒ and high-resolution TEM ͑HRTEM͒, as shown in Fig. 3 . To reveal the polycrystalline structure, the ultrafine BiFeO 3 fibers have to be etched by oil of vitriol first before the TEM samples can be made. It is observed from TEM images that BiFeO 3 ultrafine fiber is composed of rather dense nanocrystalline grains with grain size of around 20 nm, although grains as large as 50 nm are also present, as shown in Fig.  3͑a͒ . The rhombohedral perovskite structure of BiFeO 3 ultrafine fiber is also confirmed by HRTEM, where the lattice space is measured to be 0.278 nm along the ͑110͒ plane and 0.396 nm along the ͑012͒ plane, consistent with those reported for BiFeO 3 nanoparticles. 8, [13] [14] [15] [16] [17] The polycrystalline nature of BiFeO 3 ultrafine fiber is also clear from the selected area electron diffraction ͑SAED͒ pattern, as demonstrated in the inset of Fig. 3͑b͒ showing a clear ring pattern characteristic of a polycrystalline material.
For the nanocrystalline BiFeO 3 ultrafine fibers to be multiferroic, they have to possess ferroelectric and magnetic ordering simultaneously. High voltage piezoresponse force microscopy ͑PFM͒ 28-31 is carried out to verify the piezoelectricity and ferroelectricity of BiFeO 3 ultrafibers, with PFM amplitude image in Fig. 4͑a͒ showing a clear ferroelectric domain structure. In most regions of the fiber, a large amplitude of PFM signals is recorded, separated by boundaries where the amplitude approaches zero and the phase of the PFM signal flips ͑not shown͒. These boundaries are interfaces or domain walls that separate sizable domains of different polarization directions. While domains of opposite polarizations give the same PFM amplitude and thus are indistinguishable in an amplitude image, domain walls are able to exhibit themselves in PFM amplitude image because within domain walls the polarization is reduced, resulting in smaller PFM amplitude. 29 It is also observed that many of the domains are over 100 nm in size, suggesting that they span multiple grains of BiFeO 3 ultrafine fiber, although some domains as small as 10 nm are also present. To switch the polarization in the ultrafine fiber, high voltage is applied, and the hysteresis loop between the PFM phase and the applied voltage characteristic of ferroelectricity is observed ͓as shown in Fig. 4͑b͔͒ , accompanied by a characteristic butterfly loop between PFM displacement and applied voltage in Fig. 4͑c͒ , confirming the ferroelectricity of BiFeO 3 ultrafine fibers without ambiguity. For this particular data set, the coercive field of BiFeO 3 ultrafine fiber is estimated to be around 150 MV/m, the maximum field induced displacement is measured to be around 700 pm, and the linear piezoelectric coefficient d 33 is estimated to be around 22 pm/V, although it is quite common that these data vary from point to point on the fibers. The coercive field of BiFeO 3 ultrafine fiber is larger, while the piezoelectric coefficient d 33 is smaller than those reported for the epitaxial BiFeO 3 films, 1 probably because of the polycrystalline structure of BiFeO 3 ultrafine fiber. Notice that these ferroelectric measurements are carried out under a voltage of as large as 60 V applied to the ultrafine fiber as small as 100-300 nm in diameter, and the leakage current, a common problem for BiFeO 3 thin films, 27 seems not too serious to prevent the ferroelectric measurement.
In addition to the excellent ferroelectricity, weak ferromagnetism of nanocrystalline BiFeO 3 ultrafine fibers is also confirmed by vibrating sample magnetometer ͑VSM͒ measurement, with saturation magnetization of as large as 4 emu/g and coercive field around 200 Oe measured, as shown in Fig. 4͑d͒ . Since no ␥-Fe 2 O 3 exists in the ultrafine fiber and little other impurity phases are present, such enhanced magnetization is believed to be intrinsic to the BiFeO 3 ultrafine fibers and should arise from their nanometer grain size. The saturation magnetization is also comparable with those reported in 14 nm large BiFeO 3 nanoparticles. 13 Little magnetic anisotropy is observed since a collection of BiFeO 3 ultrafine fibers, instead of a single one, is measured.
